Phonon induced relaxation in excited optical states of trivalent praseodymium in laf3 by Yen, W. M. et al.
1 
L L ', 
r 
a 
(Submitted for publication to Physical Review) 
Phonon Induced Relaxation in Excited Optical States of 
Trivalent Praseodymium in LaF3. 
* 
by 
W. M. Yen, W. C. Scott, and A. L. Schawlow 
Department of Physics, Stanford University, 
Stanford, California 
t 
GPO PRICE $ 
OTS PRICE(S) $ 
r Microfiche (MF) I .To 
* 
This work was supported by the National Aeronautics and Space 
Administration, under Grant NsG 331. 
'National Science Foundation Predoctoral Fellow 1963-64. 
s/66 
https://ntrs.nasa.gov/search.jsp?R=19650012603 2020-03-16T23:41:32+00:00Z
-2- 
Phonon-ion interactions have recently been 'sn6W-n' to 
satisfactorily explain the temperature dependence of widths 
and positions of the R lines of some 3d ions in crystals. + 
These interactions give rise to phonon relaxation processes 
and are investigated here as the mechanisms responsible for, 
the widths and positions of sharp optical transitions in 
(4f) ions, in particular LaF3:Pr3+. The widths of 
transitions originating or terminating in the metastable 
3P state and involving the 3H4, 3G, 3F2, and 3F4 
states of Pr3+ in LaF3 
function of temperature and are found to be both 
qualitatively and quantitatively explainable in terms of 
lifetime broadening of the interacting states via 
nonradiative processes. Temperature dependent shifts have 
also been measured for the above four groups of transitions 
and are sham t o  be in qualitative agreement with 
theoretical predictions. 
LaF,:l?r3+ spectrum, including several unreported weak 
transitions and vibrational sideba , are also reported. 
0 
have been investigated as a 
Additional features of the 
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I 1I"TRODUCTION 
The thermal behavior of the widths and positions of. sharp 
optical transitions of (3d) ions in solids has recently been actively 
investigated by a number of authors '-lo and successfully interpreted 
in terms of interactions between lattice vibrations (phonons) and 
ions. Similar studies on (4f) ions in solids have been less 
common, 2J3'11'12 although the optical spectra of these ions, and in 
particular Pr3+, in hosts of different coordination have been 
extensively studied l3-I9 and are now well understood in terms of the 
so-called rare earth approximation (V 
While Dieke and Kiel have qualitatively discussed the general 
CRYSTAL < v ~ ~ ~ ~ - ~ ~ ~ ~ > .  2o 
11 4 
features of rare earth ion spectral linewidths, a detailed 
quantitative study has not yet been undertaken. 
We have investigated in detail the temperature 
dependence of the widths and positions of four groups (Stark 
manifolds) of strong optical transitions originating or terminating 
in the long lived optically excited 3P0 state of LaF3:Pr3+. We 
find that by generalizing the existing theor$-' to include these 
more complex spectra, we may quantitatively and qualitatively obtain 
an understanding of the temperature dependence of widths of rare 
earth ions in solids. 
In the majority of the transitionsstudied, even at the 
lowest temperatures, we find the linewidths reflect the lifetime of 
the interacting states, i.e., the lines are homogeneously broadened. 
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This is, typically, not the radiative lifetime, but a much shorter 
lifetime corresponding to non-radiative relaxation between 
neighboring excited states. Since all transitions studied have the 
3P0 
behavior of the investigated lower Stark manifolds. 
singlet in common, we may then directly compare the thermal 
We find the linewidths of a given J-manifold exhibit 
related temperature dependences which are characteristic to that 
manifold. This characteristic dependence is found to differ, 
markedly in some instances, among the various groups studied. 
Since the crystalline structure in the neighborhood of 
impurity sites of LaF, is highly complex, a detailed analysis 
would be difficult. Fortunately, phonon relaxation mechanisms have 
characteristic and well understood temperature dependences 
which allow us to determine the dominant broadening mechanisms in 
each of the manifolds studied. 
relaxation mechanisms, we can satisfactorily explain the thermal 
behavior of all the lines examined. 
21-23 
Assuming the existence of these 
These same interactions are also responsible for an 
observable shift in the energy levels of impurity ions in crystals. 
In the case of the ions in crystals which have been studied, 
one observes red shifts monotonically increasing with increasing 
temperature, which are in excellent agreement with theoretical 
predictions. 7y9  
are both to the red and to the blue. 
generalization of existing line shift theory 6y7J8  that qualitatively 
(3d) 
In certain rare earth cases the temperature shifts 
2 We propose a slight 
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appears to give correct results. 
Recently, the absorption and eniission spectra of Pr3+ 
ions in LaF, have been reported.l7 We have reinvestigated in 
more detail the emission spectrum in the 10,000 to 22,000 cm'l 
optical range and find excellent agreement with the published 
results. In addition, we have been able to detect and identify a 
number of hitherto unreported weak transitions. 
11. EXF'ERIMEWTAL DETAILS 
Unoriented crystals of trivalent praseodymium-doped LaF, 
were kindly provided by H. Muir and R. Solomon of Varian Associates. 
The doping ranged from 
using crystals of 1% pr3+ concentration. 
.I$ to 10%; the majority of the work was done 
Fluorescence was excited by water cooled G.E. AH-6 high 
pressure mercury arc lamps. Scattering light was reduced or 
suppressed by using dilute CuSO, solutions and/or various 
combinations of glass colored filters at the source and at the 
entrance slits of the spectrometers used. 
high pressure xenon source, passed through a Bausch and Lomb GB 89 
broad band monochromator, was used to study absorption. 
A PEK x-76 short arc, 
Spectral identification was undertaken photographically 
0 (at 77 K for convenience) using a Bausch and Lomb Dual Grating 
Spectrograph. The gratings yielded dispersion figures of 8.1 g/m 
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0 
and 4.0 A/mm respectively. 
Exposure times ranged from a few minutes to several hours, the 
latter times being necessary in order to obtain weaker lines. 
positions were measured from standard reference lines superimposed 
on the data plates using a Grant Instrument Inc. Line Measuring 
Comparator. Some transitions appeared as asymmetries in other 
lines; these positions were obtained by manually correcting the 
asymmetries on graphic traces obtained using a Jarrell-Ash 23-100 
recording microphotometer, or from traces obtained during line 
width measurements. 
Kodak 1N and 103-0 plates were used. 
Line 
Line widths, in absorption and fluorescence, were 
measured using a Jarrell-Ash 78-400, 1.8 meter Ebert scanning 
spectrometer capable of very high resolution. Eighth or higher 
orders were used to match the grating blaze angle. Signals were 
detected by a specially housed, liquid nitrogen cooled RCA 7265, 
S-20 photomultiplier. Signal to noise ratios were on the average 
better than 1O:l. 
Temperature dependent line shifts were measured photo- 
graphically and rechecked using the scanning instrument. 
displacements were always measured from nearby standard reference 
lines. 
Line 
Sample temperatures were controlled by direct coolants. 
In order to obtain intermediate temperatures, a nitrogen gas blower 
described elsewhere was used. 
to 
Temperatures ranged from 4.2'K 8,24 
0 300 K, and were measured using thermocouples inserted in the 
s/66 
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crystals. Temperatures could easily be held to k 1 C during a 
measurement. 
111. THEORETICAL REVIEW 4,7,25,26,27 
The theory of phonon induced relaxation processes has 
been extensively studied 21-23'28 and has been demonstrated in ESR 
spin lattice relaxation studies in rare earth salts2? and other 
paramagnetic ions and  defect^.^' 
extended to successfully explain the thermal behavior of widths 
and positions of sharp line optical transitions of some 
ions in solids. 5-9 
relations applying to (4f) ions in crystals and the manifested 
effects of phonon perturbations on the optical spectra of these 
ions in solids. 
The theory has recently been 
(3d) 
We present here a synopsis of relevant 
The Hamiltonian describing our system of an impurity 
ion in a host crystal may be written as 
3iT=3io+W +a1 , P 
where a. = k$REE-IoN + Vo 
crystalline electric field Vo, 
describes the ion in the presence of a 
+ 3 = 1 (ak ak + 3) .K cu describes the phonon system, and P k 
k 
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k 
k , k f  
descr ibes  the  i n t e r a c t i o n  between the ion and the l a t t i c e  vibrat ions.  
+ In these expressions, a and a are  annih i la t ion  and crea t ion  k k 
operators  of phonons i n  the k t h  mode, 
k t h  mode, 
i s  the frequency of the 
C and D a r e  c r y s t a l  f i e l d  coupling operators  which 
operate on the e lec t ronic  states I Ai > of the  ion, M i s  the 
mass of the c r y s t a l ,  and v i s  the average sound v e l o c i t y  i n  the 
c r y s t a l .  We have assumed throughout t h a t  k = \/v and t h a t  v i s  
independent of k . 
(i)  Linewidths of Optical  Transit ions 
The widths of rad ia t ive  t r a n s i t i o n s  of ions i n  c rys ta l s ,  
although they v i b r a t e  rapidly,  exhibi t  no Doppler broadening s ince 
t h e  amplitude of v i b r a t i o n  i s  small. Moreover, r a d i a t i v e  lifetimes 
of s t a t e s  a r e  t y p i c a l l y  of the order of lom2 t o  sec, which i n  
s/66 
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terms of o p t i c a l  kroadening may be considered negl ig ib le .  3 
Other than a few notable exceptions,30 a t  t he  lowest 
temperature,s the t , r ans i t i on  l inewidths of ions i n  s o l i d s  exh ib i t  a 
measurable breadth which may be accounted f o r  i n .  some cases by 
random microscopic s t r a i n s  of the host c r y s t a l .  293.931,32 As 
temperatme increases  the  widths invariably increase;  we concern 
ourselves with these temperahre  dependent broadening m.echanisms. 
Considering a system of g e l ec t ron ic  l e v e l s  with 
a r b i t r a r y  s p l i t t i n g  T i j  = ficu 
l e v e l  the  re laxa t ion  t r a n s i t i o n  probabi l i ty ,  due t o  one phonon, or  
"d i r ec t ,  " processes i s  
/ K ,  as  shown i n  Fig. 1, for t he  i t h  i j  
22 
j t i  
j >i 
B i j  Po (aij) * 1 1 = fl { 1 B i j  [Po (aij) + 1 1  i- 
j t i  j >i 
In  Eq. (3), 
1J 
frequency CD and 
p (CD. .) i s  the de ta i led  phonon densi ty  of s t a t e s  a t  
i j  
(3)  
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is the thermal equilibrium phonon population of she 
At zero temperature, Eq. (3) becomes 
k(u. .) mode. 
1 3  
For rare earth ions, with crystal field separations Tipliu. typically 
of the order of 10 - lo2 ern-’, Eq. (3a) yields contributions to 
the probabilities of the order of The latter are 
observable optical broadenings. 
l j  
sec -l . 33 
The temperature dependence of the 
linewidth due to the direct process relaxation may be numerically 
evaluated and will enter solely through the phonon occupation 
numbers. 
The emission of multiple phonons allaws relaxation in 
cases where the splitting of electronic states is such that 
Tij > e,,. 
by higher order perturbation theory and has been shcwn to be 
essentially temperature independent. Thus, 
The transition probability per unit time may be obtained 
4 
W. n z 1 K~~ z constant , 
1 
j t i  
and 
s/66 
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where in Eq. (5b) the superscripts denote the number of phonons 
involved in the emission process. Multiple phonon absorption 
processes are negligible in the temperature ranges of interest. 
Another contributing multi-phonon process is the Raman 
process associated with phonon scattering by impurity ions; its 
contribution to the relaxation process may be calculated using 3' 
in second order and 3 
is 
in first; the net result for the ith level 
7 
where x = 5co/kT and 
s/66 
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In obtaining Eq. (6), we have assumed a Debye phocon density of 
states and have made the assumption that adjacent ionic szates 
k are such that Eik >>Tim. In practice, this last assumption 
is not necessarily proper; resonant demoninators arise if this 
condition is released. These terms are partially dealt with later 
in the development with regard to line shifts. The integral 
6 ( 3 )  has been tabulated by Ziman. 34 
6 
For the ith level, the total contribution to the 
linewidth due to k& may thus be written 
d n R  
I 1 i a;. = wi + w. + w 
n 
= A? + A;, (T) 
= ) Kij + ) Bij [Po bij) + 1 1  
U U 
j<i j <i 
j>i 
s/66 
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A l l  processes in Eq. (7) give rise to a homogeneous broadening 
of the optical transition, and hence predict Lorentzian 
lineshapes. 35 
contribution may then be expressed as the sum of the width of 
the transition states, i.e., 
For any given optical transition, the Lorentzian 
A ?  = A c i + A t  . 
ij J 
Equation (7a) yields the temperature dependence of the 
homogeneous linewidth contribution due to phonon relaxation 
processes. 
s/66 
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Empirically, the observed linewidth contains an 
inhomogeneous contribution due to random microscopic crystal strains. 
These strains yield a Gausian lineshape since their origin is 
statistical. Linewidth may be resolved into homogeneous and 
inhomogeneous contributions, using the numerical tables compiled 
36 by Posener. 
(ii) Lineshifts 
The introduction of the perturbation kfl leads also to 
an energy level shift which may readily be evaluated; in the Debye 
approximation, the shift of the ith level is given by 
j#i k 
L Eij - . K W ~  Eij + % J J 
the second term will exhibit a D ’  when Eij is in the range * Tiw 
resonance which may be evaluated by contour integrati~n.~ We, thus, 
s/66 
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obtain 
u 
A Ei (T) = - ai($ jl dx x3 
e - 1  
0 
0 j<i 
where P denotes the principal part of the integral and ai is 
given by Eq. (6b). In Eq. ( 8 ) ,  we have neglected the phonon zero 
point contribution by taking the position at O°K as the origin. At 
zero temperature, the latter contribution may be non negligible and 
may give rise to observable isotope shifts. 3937 
The first term of the shift expression, Eq. ( 8 ) ,  is, 
apart from a multiplicative constant, the same as the expression of 
the total heat of the crystal; correlation of line shift with total 
heat has indeed been observed. 9 
(iii) Vibrational Sidebands and Density of Phonon States 
Again, due to the perturbation &, any radiative 
(photon) transition between electronic levels of an ion in a crystal 
s/66 
will exhibit emission and absorption sidebands. These sidebands 
correspond to the simultaneous emission or absorption of phonon- 
photon pairs which occur due to the mixing of state functions via 
the perturbation; the intensity of the sidebands may be sham to 
be 26 
where M = < 4, [dl A. > with d the appropriate dipole operator. 
Jk J 
At zero temperature and assuming that E >> ?la, Eq. ( 9 )  
jk  
reduces to 
thus, in this approximation, the vibrational sidebands yield the 
allowed density of phonon states in the crystal or more specifically 
in the neighborhood of the ion site. 38 
s/66 
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IV. THE FLUORESCENCE SE’ECTRUM OF LaF,:Pr3+ 
Recently, Wong, Stafsudd, and Johnson have reported 
the emission spectrum of LaF3:Pr3+ in the 
optical range;17 we have extended this range into the red and have 
14,000 to 21,000 cm‘l 
been able to observe several unreported manifolds and a number of 
unreported lines. The unreported manifolds have been identified as 
3P -+ ‘Gq, 3F3 and I D 2  -+ 3F2, 3H6 and 3H, 
unreported lines are weak and belong to the 3P + 3F4, 3H6, and 
3H, transitions. 
transitions; the 
0 
0 
The space symmetry of LaF3 crystals in D&; 39 the 
ion impurity sites have been found to have C m  symmetry which can be 
considered as distorted D,. For non-Kramers ions, Czv 40-42 
symmetry will in general lift all degeneracy in a given J state, i.e., 
each weak crystal field J state will split into 25 + 1 nondegenerate 
levels. Radiative transitions in this coordination are all electric 
dipole transitions, since no inversion symmetry exists about the ion 
site. The selection rules are easily worked out. 20 
LaF3:Pr3+ originates primarily from The fluorescence of 
the singlet 3P0 level which is 20,923 cm‘l above the lowest 
crystal state of the 3H, ground state manifold. Relatively weak 
emission is also observed from the I D 2  level, but no emission 
originates from 3P1 or higher levels. The observed emission 
spectrum in the 10,000 to 21,000 cm” region is summarized in 
Table I. The energy level assignment is in very good agreement with 
s /66 
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that of Wong and co-workers.17 
in the 3P + 3F4, 3H6, and 3H4 manifolds of Table I were weak 
The lines marked with asterisks(*) 
0 
lines unreported in the reference and apparently correspond to 
first order forbidden transitions and which can occur through slight 
distortions or imperfections in the ion site symmetry. Figure 2 
shows the mission spectrum of LaF3:Pr3+ at 77OK. 
We have observed vibrational sidebands of the various 
fluorescence and absorption manifolds. At 4.2'K, as expected, 
sidebands 
emission/appear to the red or less energetic side of the parent 
pure electronic transition whereas the absorption sidebands appear 
to the blue of the parent line. Since each sharp line electronic 
transition is accompanied by such sidebands, observed sidebands of 
a given Stark manifold are greatly complicated by overlap. The 
simplest transition is the 3H4 -, 3P0 
temperatures; the observed sideband of this transition is s h m  in 
absorption singlet at l o w  
Fig. 3.' The various prominent peaks that appear in the figure are 
probably frequencies corresponding to the normal modes of the 
impurity site unit cell. 43' 44 In the approximation of Eq. (9a >, we 
obtain the effective density of state which is shown in Fig. 4, and 
which we will use throughout. 
Figure 5 shows the emission sideband of the 
transition; some of the frequencies appearing in Fig. 3 appear to be 
indentifiable in this sideband. A detailed analysis of the sideband 
3P -+ 3F2 
0 
structure is not undertaken in this paper since the low site symmetry 
makes normal mode analysis very difficult. Using Fig. 14, however, 
s/66 
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we may make an estimate of the Debye temperature of 
over the structure and approximating the total area by a smooth Debye 
curve. This procedure yields a value 
LaF3 by averaging 
,g = 360'~ D 
which is consistant with previously reported values12 and with the 
general bulk elastic properties of the lattice. 45 
V. RESULTS AND INTEFP~TATION 
A. Line Shapes and Widths at 4.2'K 
In this section we discuss the observed low temperature 
line shapes of four groups of radiative transitions originating or 
terminating on the singlet "Po state of LaF3:Pr3+. In particular, 
we discuss the strong fluorescences to the 3F4, 3F2, "H6, and 3H4 
Stark levels and the absorption which is a singlet at low 
temperatures. 
3H4 -+ 3P 
0 
The "Po state is a metastable state with a radiative 
46 lifetime of - loop sec; the state is thermally broadened solely 
through a modulation via lattice phonons. This modulation is just 
the Raman process discussed in Sec. III.3 
the "Po state may then be described as 
The homogeneous width of 
s/66 
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n t (3P0) = 0 (3P0) (i$ (6 (2) 
where 
a! ("Po) = (>y { 2 < 3P0 ID1 3P0 > 
47t3 p2 v10 
I 
and 1 is the sum over all other electronic states j # "Po. 
A t  l o w  temperatures, the width of the "Po state may, 
thus, be considered negligible and Eq. (7a) reduces to 
n Lj = n Ci . 
We then may expect to observe the homogeneous contribution of the 
terminal (or originating) state in a fluorescence (or absorption) 
transition involving the "P state if the strain contributions 
are such that 
0 
-STWIN ,< vi , n vij 
s/66 
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We find that all lines investigated, with the exception 
of the low temperature 5983 a (3P0 -+ (3€?6)1) and 4778 2 
((3H4)l --f 3P0) lines, show Lorentzian shapes to within experimental 
The two exceptions show line shapes that error. 
approximate Gaussians, indicating that the levels are being 
inhomogeneously broadened. The 3987 1 line of LaF3:Pr3+ at 
4.2'K is shown in Fig. 6;47 the profile follows a Gaussian 
closely at the center and shows slight deviations at the wings. 
Such deviations have been observed and reported for the 4.2'K R 
lines of MgO:Cr3" 
macroscopic crystal  strain^.^ 
(Figs. 6 and 7.) 
and V2+ and are likely to be caused by 
The strain width is such that 
We make the assumption that the strain width is a constant for 
all observed transitions, and that it is independent of temperature. 
Neither one of these assumptions is rigorously justifiable; however, 
Y the error introduced by making such assumptions is probably small. 
Figure 7, shows the 6000 1 ( 3P0 -, ( 3H6)2) line in 
profile. The contour follows a Lorentzian far into the wings 
indicating that it is lifetime limited; as we shall see in the next 
subsection, we can attribute this lifetime to relaxation to the 
( 3H6) state via spontaneous emission of phonons. 
The measured widths, at 4.2'K, having been corrected 
for the strain width, yield from Eq. (7) the spontaneous emission 
s/66 
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coefficients of single or  multiple phonons, i.e., 
. 'These values are used in obtaining 
j<i j<i 
quantitative predictions for the thermal dependence of linewidths. 
The doniinant inter-Stark manifold relaxation mechanism 
may be determined by considering the 4.2OK widths of the lowest 
energy state of each manifold. The schematic energy level diagrams 
of the manifolds studied are shown in Figs. 8 and 9; for the 
excited manifolds 
corrected values to follow the relation 
3F4, 3F2, and 3H6, we observe the strain 
A G (3F4)1 = 7.20 cm'l > A  V (3F2)1 = 2.16 cm'l >>A ! (3H6)1 Z 0 . (13) 
Equation (13) may easily be understood, for the lifetime of the 
lowest state of each manifold depends on the energy separation to 
the next lowest crystal field level. F r o m  Figs. 8 and 9 ,  for the 
(3F4) states and relaxation may occur 
via the direct process, whereas ions in the 
must emit two and n phonons respectively in order to relax since 
E (3F4)1 - E (3F4)7 ,< KOD 
3F2 and 3X6 states 
and 
s 166 
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Thus, from Eq. (5b), the low temperature widths shoLid indeed 
foliow the condition 
and we may conclude that the dominant inter manifold relaxation 
mechanism is a one phonon process for the (3F4) states, a two 
phonon process for the (3F2) states, and a n-phonon process 
for the (3H6) states. 
The (3H6)1 state is the terminal state of the 
fluorescence line discussed previously and shown in 
The strain width completely masked the homogeneous 
3985 a 
Fig. 6. 
contribution of this level indicating that it is probably meta- 
stable and that there is a possibility that this level may relax 
via a radiative transition. 
B. Linewidths and Temperature Dependence 
We now discuss the observed temperature dependence of 
the line widths of some of the strongest radiative transitions 
involving the singlet 3P0 state. The experimental results and 
identification of the transitions studied are shown in Figs. 10, 11, 
12, and 13. 
n v  
All linewidths have been corrected for strain taking 
and using the nuwierical results of Posener. - STFKCN 36 = 0.53 cm’l 
As expected, all widths increase as temperature increases; 
s /66 
. 
-23- 
we note, further, that the widths of a givel? manifold exhibit 
characteristic and similar temperature dependences. This 
dependence varies among the groups studied. For example, the 
widths of the 3H, states increase 30-30 cm'l in going from O°K 
to 300°K, whereas, the 3F2 widths increase by only 3-10 cm'l 
over the same range. 
Referring to the schematic energy level diagrams 
(Figs. 8 and 9) and assuming the temperature dependences of phonon 
relaxation processes of Section 111, we can quantitatively explain 
the thermal behavior of the linewidths studied. In the following 
section, we discuss the results of one set of transitions in detail 
to illustrate our procedure. 
(i) The 3H, Manifold 
The temperature dependence of the linewidths of the 
The widths in the 
temperature range may be well described by relations of the 
3P0 --f (3H6)l,2,3 
0-300°K 
transitions is shown in Fig. 10. 
type given by Eq. (7). 
N Kij = 0, c For the levels of the 3H6 manifold with 
Eq. (7a) reduces to j<i 
j <i j>i 
s/66 
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where A 7 (3Po) is given by Eq. (11). For simplicity in fitting 
all our linewidth results, we have neglected single phonon 
absorption processes involving the ( 3H6)4 and higher levels. 
For these levels,in the temperature ranges studied, the neglect of 
these processes will introduce errors less than our experimental 
accuracy of * 10%. 
From Eq. ( 3 ) ,  it is clear that 
thus, for the three levels of the 3H6 manifold studied, the 
following s ix  coefficients remain to be determined from our data: 
812, 813, 823, %., &., k 
0 From the previous sections, we note that the 0 K 
intercept of the linewidth curves yields 
and 
s/66 
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Equations (16) and (17) then reduce the undetermined 
parameters to four. 
For level (3H6)1, with p12 determined by Eq. (16), 
we require a two parameter fit to account for the temperature 
dependence of the linewidths, i.e., we need to determine 813 and 
al. 
quite accurately, since the functional temperature dependence of 
the direct and Raman processes differ dramatically. Once p13 is 
determined, 823 is uniquely determined through Eq. (17); the 
widths of ( 3H6)2 and ( 3H6)3 each then contain one undetermined 
coefficient, i.e., C2 and respectively, since all direct 
process coefficients pij have been fixed. Thus, the determination 
of the coefficients is not as arbitrary as it might seem at first 
glance, on the contrary, the self consistancy required by 
equations of the type Eqs. (15), (16), and (17) and the experimental 
results serve to overdetermine the fitting process. 
The determination of these two coefficients may be carried out 
We find for three lines studied, the temperature 
dependence of the linewidths is describable by 
- a v (3P0) 
s/66 
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- A V (3P0) 
The splittings involved in p, (oij, T) 
and 
satisfy Eqs.  (16) and (17) to within experimental accuracy. 
are in reference to Fig. 9, 
II p12 = 1.70 cm'l, II 813 = 3.50 cm'l, and II 823 = 0-55  cm'l 
The calculated values of A Ci + A (3P0) given by 
Eqs.  (18 a,b,c) are plotted as solid lines in Fig. 10. The 
agreement with the experimental results is well within the 
experimental uncertainty of 2 10% . 
(ii) The 3H4 Manifold 
The majority of the linewidths involving this manifold 
were taken in absorption. We find, using the procedure already 
s /66 
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described, that for the two lines studied the temperature dependence 
of the linewidths isdescribable by 
7 
A Vl = { 5.60 po (66, T) -t 0.50 p, (137, T) + 200 ( 2 )  e6 ($)} cm'l 
QD 
- n ; (3P0) 
and 
Results are shown in Fig. 11, the solid lines again being calculated 
values of Eq. (19a,b). 
Referring to the energy level diagran of 3H4 (Fig. 9 ) :  
the above two relations were fitted by considering the center of 
gravity of the 2nd and 3rd levels, the error introduced in this 
manner is within our experimental accuracy. Even at 77OK, the 
two levels could not be clearly resolved in absorption and the lines 
showed unaccountable complicated structure. The single point in 
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two levels could not be clearly resolved in absorption and the lines 
showed unaccountable complicated structure. 
0 
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Fig. 11 involving the ( 3H4)2 level, i .e., the 4971 1 line, 
was measured in fluorescence at 4.2 K; the corresponding l o w  
temperature/involving the (3H4)3 level is weak and no width 
0 
transition 
measurements were attempted. 
(iii) The 3F7 and 3Fa Manifolds 
For the 3P0 -+ 3F2 transitions (Fig. 12), we find the 
widths to be describable by 
A c1 = 2.16 + 0.40 po (44, T) + 0.30 po (63, T) + 1.62 p, (142, T) { 
+ 30 ($ *6 (?)I cm -l - A ;  (3P0) 
s/66 
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+ 0.30 po (77y T) + 50 (ty (%)} cm-I - a i7 (3P0) . 
The first term in Eqs .  (20ayb,c), is the temperature independent 
multi-phonon relaxation coefficient discussed in 
j<i 
Section V-A. The interesting feature of these relations is the 
fact that the Raman coefficients 
magnitude from those encountered in the 3H, and 3H6 manifolds. 
Gi are down nearly an order of 
This will allow us to make an estimate of the 
transition linewidths. 
"Po contribution to 
Results of the linewidth measurements for the 3P0 --* 3F4 
transitions are shown in Fig. 13. We did not attempt to obtain a 
curve fit for these widths, since the lines are not well resolved, 
and the positions of the energy levels of the 3F4 manifold 
(Fig. 8) are such as to make the process difficult. 
iv. Widths of the 3P, State 
The temperature dependence of the width of the 3P 
0 
state is given by Eq. (li). Without a prior knowledge of the crystal 
s /66 
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f i e l d  parameters enter ing i n t o  %he D operator, a prec ise  separation 
of the 3P0 contr ibut ion ir, E q s .  (18a,b,c),  ( Iga,b) ,  and (2Oa,b,c) 
i s  impossible. Equation (20a), however, puts  an upper l i m i t  t o  the  
broadening of the 3P0 s ta tme,  since 
Thus, 
which a t  300°K yie lds  a value of  - 4.0 cm". Hence, f o r  t h e  
( 3H4) and ( 3H6) l e v e l s  studied, the maxiawn contri 'bution possible  
t o  t h e  l i n e  width due t o  the  broadening of the 3P0 s t a t e  i s  never 
l a r g e r  than a$, and Eqs. (18) and (19) represent the  ac tua l  widths 
of the  l e v e l s  t o  wi th in  th i s  accuracy. 
C. L ineshi f t s  
The pos i t ions  of the t r a n s i t i o n s  3P +. 3F4, 3F2, and 
0 
3H6 and 3H4 --f 3P were a l so  investigated as a function of temperature. 
0 
s/66 
-31- 
Results of our wasurEmim6 are  s h m  i n  Figs. 14-17. 
Figure 1 4  shows the tenperatwe depeodence of the 
pos i t io r -  of the "I? s x t e  ir,ferred from the + 'P
0 0 
measurements and whEre w e  have clsed the  ground s t a t e ,  i .e. ,  the  
(3H4)1 l eve l ,  as  the zero r e f e r e w e  p o i m .  Froa Eq. (18), it 
should be c l e a r  t h a t  The ground s f a s e  ceed riot be s ta t ionary .  A t  
higher temperatures, the p o s i t i o i  of t h e  (3H4)1 + 3P i s  
d i f f i c u l t  to measure with g r e a t  accxracy, due 50 the zonsideracle 
broadecing of the t rans i t io r :  widths, and the resul ts  above 200°K 
should be takeri as minimum s h i f t  values of the 3P s t a t e .  
0 
0 
ho atterr-p: w8s made t o  c o r r e l a t e  the  oFserved values 
quant i ta t ive ly ,  although cor re la t loc  i s  possible;  we can, however, 
point  out some q a a l i t a t i v e  features  of t he  e.neigy s h i f t  of r a r e  
earth ions in c r y s t a l s o  
The pos i t ion  shifts of the peaks of the 5985 2 and 
6014 2 l ines  of t h e  3B + 3.?6 manifold (Fig,  15) may be 
accounted for by l i n s  p u l l i n g  due t o  thermal -broadening of the three  
l i n e s  ~ t u d i e d ; ~ '  t h i s ,  the (3Y6)1,2,3 l e v e l s  appear to s h i f t  with 
the  same t h e r m 1  depexderice a s  the 3? s t a t e .  For the  Transit ions 
involving the 'T2 and 3F4 staCjes ( 3 i g s "  16 asd l7), again using 
the  (3H4)1 posi:ior, as  the  zero energy re fererce  p o i ~ t ,  correct ion 
f o r  the temperature d2perrdemz of the SF position yie lds  l e v e l  
s h i f t s  i n  these v a i i f a l d s  :o the  red as wel l  a s  t o  the blue. S h i f t s  
of t h i s  tmture h a w  br-en reported by F'aetzold i n  l e v e l s  of i n  
hydrated s a l t s  am3 cacrLot be acccurited f c r  by thermal changes i n  the  
0 
0 
0 
Xd3+ 
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2,9 lattice parameters. 
Consideration of the shift expression (Eq. 8 ) ,  yields 
a tentative explanation. From Eqs. (68) and (6b), the linewidth 
Raman coefficient fii 
coefficient Ei in Eq. (8); for the 3F2 nanifold, from 
Eqs. (20a,b,c), the Raman coefficent is small implying that 
will also be small. Conceivably, in cases like this, the contributions 
from the principal part integrals might be comparable to those from 
the first term of Eq. (8); if this is the case, the shift for 
will be unidirectional with the 
field levels are such that j>i, whereas, for (,F2)4, with j<i, 
the principal part contribution will be in a direction opposite to 
the ai term. That this is the case is easily verified from Fig. 6. 
is roughly the square of the line shift 
ai 
(3F2)1 
ai term since all nearby crystal 
VI DISCCJSS I O N  
By consideration of a simple phonon-ion interaction 
picture, we have sham that this model accounts adequately for the 
temperature dependence of the linewidths and possibly the positions 
of optical transitions of LaF, :_Pr3+. 
Since crystal fields can be considered as perturbations 
in the case of 4f electrons, the rare earths lend themselves nicely 
to theoretical calculation. Thus, in principle, by using the methods 
of Elliott and Stevens, 18’19 it would be possible to evaluate the 
s/66 
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48 
crystal field matrix elements due to pertur5ations C and D. 
Unfortunately, the low symmetry and the complete lack of knowledge 
of crystalline field parameters of the ion site of Pr3+ in LaF, 
prevent us from other than a semi-empirical determination of the 
matrix elements appearing ir, Eq. (7). 
interest to extend this study to rare earth ions in crystal lattices 
It would be of considerable 
where there exists more knowledge of crystalline field parameters 
and the site symmetries may be analyzed with less tedium. 
WiTh the aid of knowledge of the effective density of 
we i j' phonon states and from the direct process coefficients f3 
may determine the rela-tive sizes of the matrix elements of operator 
C .  For example, from values obtained ir, Section V-B, and referring 
to Fig. 4, for the (3H6) states 
and 
Equations of the type Eq. (22a,b), which may be obtained semi- 
empirically, should serve as a considerable time-saving aid in the 
calculation of crystalline field perturbations. 
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It i s  alsc interest i r ig  t o  poins out thar, co r re l a t ion  
may now be o b t a h e d  between opt ica l  liriewidth s tud ie s  and ESR sp in  
l a t t i c e  relaxs-Lion measurements. In  f a c t ,  t he  so ca l l ed  9rbach 
process 28’49’50 i n  ESR which normzlly i m o l v e s  the  f i r s t  exc i ted  
s t a t e  of the  ground sta-ce manifold y i e lds  a coe f f i c i en t  which i s  
j u s t  the  d i r e c t  process coef f ic ien t  betweel;_ the  f i r s t  exci ted and 
the  ground s t a t e s .  A s  it has already been pointed ~ d t ,  t he  
magnitude of t h i s  coef ficientv leads t o  observable broadeiing of t he  
exc i ted  l eve l .  In  the case of ?r3+ i n  LaF,, t he  Czv coordination 
of the  ion s i te  l i f t s  a l l  degeneracy and no ESR s tud ie s  a re  poss ib le  
on the  ground s t a t e .  Cor re l a5on  i n  t h i s  coordination is ,  however, 
possible  i n  Kramers degenerak iorjs and a re  now being conducted i n  t h i s  
t h i s  laboratory.  51 
A more de t a i l ed  quant imt ive  s tuds  x e d  be made of t he  
temperature dependence of t h e  level pos i t ions  of r a r e  ea r th  ions i n  
so l id s .  Confirmation of Eq. ( 8 )  would y i e l d  addi t iona l  information 
on the  l a t t i c e  ion in t e rac t ion  parameters C and 0; such a study i s  
now a l so  being coriducted i n  t h i s  laboratory on 52 LaF3:Nd3+. 
Linewidth studies as a funct ion of concectrat ion of 
impurity i o n s  should d s o  be  condlicted t o  a sce r t a in  the  e f f e c t  of 
exchange and other  phonon-rela ted phenomena. 
s/66 
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85~44.8~ 11,176.6 
b 
3F 0 (20,925.2) lG, (9748.6) 
C 
3 
3F ( 20,925 2 )  3i74 6931.9 4 
6943 o 2 
7169 5 13,94309 6981 3 2 
7178 2" 13,927 0 2 6998 0 3 
7194 3 ' 13,896.1 7029 1 1 
0 
7144 e 3* 13,993 0 3 
7149 9 13,982,2 
7197.4* 13,690 1 
7227. k* 13,832.4 
7233 0 2 ' 13,821 ., 3 
7264.1 13 73/2* 5
7035 1 4 
7092.8 4 
7103 * 9 1 
7162 a 7 2 
3P (20,925.2 3 ~ 4  6476.9 3 
6488,5 3 6924 9* 14,436 0 7 
6928 1 14,430 0 6495.2 2 
6974 o* 14,333 0 0 6590.2 3 
7037 0 6* 14,207 5 6717 0 7 3 
0 
6919 3* 14,4k8,3 
6331 4 157 78907 3F0 ( 20,925.2 3F2 5135.5 2 
6349.8 13,744.2 5181.0 2 
6357 0 3 15,?2506 5199.6 2 
6387 E) 15,630 2 5274 9 2 - 6390 .,1 15,544 9 5280.3 
5985 3 
6000 9 
6013 7 
6044 a i* 
6064 2* 
6088 2* 
6096 2* 
6106 o 
6149 6 
6189 7 
16,703 0 
16,638 4 
16, 624 1 
16,540 3 
16,485 6 
16,420 7 
16,372.8 
16,346,8 
16,334.3 
16,256,7 
16,151 4 
16,399.1 
3F ( 20,925.2) 
0 
3H6 4222.2 
4266 8 
4301 1 
4384 5 
4439 6 
4504 a 5 
4552.4 
4578 4 
4526 1 
4590 * 9 
4668.5 
4773 8 
1 
1 
2 
3 
3 
2 
2 
2 
2 
2 
2 
3 
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TAELE I -- continued 
I 
INITIAL TERMINAL 
STATE STAT3 
3P (20,925.2) 3 H, 2179.2 2 
0 2299.0 I 
5368 9 18,620.6 2304.6 2 
5370 3* 18,615.7 2309 5 4 
5406.5 18,491.1 2434.1 4 
5333.0 18,746.0 
5367 3 18,626.2 
5383 9,  18,568.7 2356 ' 5 3 
(20,925.2) 
0 4777 9* 20,923 8 4791.1 2@, 866.6 
4794 9' 20,853 2 
4809.1 20,788.1 
4852.5t 20,602.2 
4822.7t 20,729 0 5 
4824.6* 20,721.3 
4896.5 20,417 0 
,H4 - 0  
58.6 
72.0 
137.1 
195 7 
203 9 9 
323 0 
508.2 
8501. I* 11,760.0 'DZ6 (16,895.2) 3F2 5135.5 4 
8534 3* 11,714.2 (16,895.2) 5181 0 4 
8564.6* 11,672.7 (16,872.4) 5199 7 4 
8604.4* 11,618.8 ( 16,895 2) 5274 9 4 
8620. o* 11,59707 (16,872.4) 5274 9 4 
8624.3* 11,591.9 ( 16,872.4) 5280.5 3 
4 - - 8594.6* 11,632. o 
7888 e 3* 12,673 5 'D2 (16,895.2) 396 4221.7 3 
7930 0" 12,606.9 ( 16,872.4) 4265.5 3 
7939 6* 12,591.6 ( 16,895 2) 4303.6 4 
15,012 'D2 (17,186.5) 3H5 2174 5 6659 * 
6700 * 14,921 (17,206.4) 2285 5 
14,874 ( 17,186.5) 2312 5 
5 - - 6682 * '14,960 
5 - 
* 
- 6721 * 6755 14,800 
a.  
b, Positions obtained from Ref. 17. 
c. Arbitrary intensity scale, 1 denotes very strong line 
1% Pr3+ in LaF, at 77OK. 
5 denotes very weak line. * Not reported in Ref. 17. 
+ Line asymmetric. 
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FIGURE CAWIOXS 
Fig. 1. Typical crystal field splittings of rare earth ions. 
Fig. 2. Optical spectrum of 1% LaF3:Pr3' at 77OK. Transitions 
involved are as shown; very sharp lines are gas discharge 
references. 
Fig. 3. Absorption sideband of 3R4 --f 3P tramition of 1% 
0 
LaF3:Pr3+ at 4.2'K. 
the ''no phonon" 4778 2 line are shown on upper scale. 
Distance of sideband peaks from 
Fig. 4. "Effective densicy of pl-onon states" p (a) of LaF3:Pr3+ 
approximated from Eq. ( 9 a ) .  
0 Fig. 3. Vibrational sideband of 3P + ,F2 tracsition at 77 K. 
0 
Sharp lines are Ne reference lines; vibrational peak 
distances from various "no phonon" lines are shown in 
lower scale. 
Low temperature line shape of 3985 8 liae shown against 
normalized Gaussian and Lorentzian shapes. 
Low Temperature line shape of 6000 8 line shown against 
normalized Gaussian and Lorentzian shapes. The slight 
wing deviations may be corrected by substracting the 
strain width. 
Fig. 6. 
Fig. 7. 
Fig. 8.  Schematic energy level diagram of the 3F4 and 3F2 
manifolds of LaF, :Pr3+ showing nearest adjacent crystal 
fie16 stztes. 
Fig. 9.  Schematic energy level diagram of the ,H6 and 3H4 manifold. 
Levels (3H6)12 and (,H,), were not assigned. 
Fig. 10. Temperature dependence of the linewidths of three strong 
lines of the 3P0 -, 3H6 transition. 
calculated values of the functions shown in diagram. Error 
bars on experimental points are k 10%. 
Solid lines are 
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Fig. 11. Temperature dependerxe of the liriewidths of th ree  s t rong 
l i r , es  of t he  334 -+ 37 
inves t iga tzd  except at, 4,2’K ( see t e x t ) .  
t r ans i t i on .  The 4791 8 was not  
0 
Fig. 12. Temperature dependence of t he  l inewidtns of four  s t rong 
‘me 6388 8 l i n e  was l i n e s  of t h e  3?0 --* 3F2 t r ans i t i on .  
not  f i t t e d .  
Fig. 13. Temperature dependence of t h e  1inewid:hs of f i v e  l i n e s  of 
The experimental values af the 7169 1 and 7150 A 
t he  3? + 3F4 t r a m i t i o n .  Sol id  l i n e s  are Ses t  f i t  
curves. 
followed the  values of  the 7194 a closely and were not  
p lo t t2d .  
0 
0 
Fig. 14. 
Fig. 15. 
Pos i t ion  of the  3P 
Peak pos i t ions  of khki;-i.e strong l i n e s  of t he  3P --f 3H6 
t r a m i t i o c  plottec? aga imt  temperature. Line pu l l ing  
accousts f o r  the  observed peak shifts .  
Peak posi-cior,s of 3P 
tenperature  
f o r  3P s h i f t  given by Fig. 14. 
Peak pos i t ions  of 3P0 -+ 3F4 t m n s i t i o m  versus temperature. 
s t a t e  vs rsus  temperature ( s e e  t e x t ) .  
0 
0 
Fig. 16. -+ 3F2 :ransit ions a s  a funct ion of 
0 
3F2 l e v e l  shif ts  a re  obtained by cor rec t ing  
0 
Fig. 17. 
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Fig. 1. 
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